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INTRODUCTION
Justification for the Study
Annual monetary loss from damaged grain
"Authoritative estimates have placed the monetary losses
from damaged grain at approximately $8,000,000 annually.'' (24)
This loss may he attributed mostly to improper storage facili
ties, Reports indicate that much grain is sold annually from
one to three grades lower as a direct result of improper storage
on the farm. Lower grades usually are the results of the
grain having been stored in such improvised structures as are
shown in figures 1 and 2.
Recent stimulus for farm storage
The problem of proper storage has probably become more
acute in the past eight years due mainly to low market prices
and over-production. Production control regulations have forced
many farmers to utilize all available storage they have, and
besides prepare temporary space as shown in figure 3 by making
use of the driveways to the grain storage building.
Normal production and storage facilities
In normal crop years the average farmer produces more
-8-
grain than he has facilities for storing. Under normal condi
tions he markets his surplus and stores what he has facilities
for; but when prices are below economic production levels, far
mers must resort to alternative means in order to maintain
profitable returns from their production investments.. On such
occasions as tliese, farmers are forced more than ever to use
such improvised storage facilities as cribs built of snow fence
material, wire netting and other temporary materials. In
figures 1, 2 and 4 are shown some of these tjrpes of cribs in use,
factors concerned with grain storage on the farm
The grain storage building In its simplest design is a very
complex structure. Its structural arrangement renders it almost
impossible to malce an exact stress analysis of all members when
acting together. In order to make a complete analysis certain
reasonable assumptions would necessarily have to be made. It
probably is subjected to more varied conditions than any other
farm building. A glance at figure 6a will give one some con
ception as to what a grain storage building will be subjected to
under certain reasonable load assumptions.
Not a great amoimt of work has been reported which deals
with magnitude, direction and distribution of grain pressure
loads. However, with the available data the designer of grain
storage buildings is left to make many assumptions. Figure 5
shows a view of the braces used in one of the farm storage
mii LL.- u ^ ^
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buildings which has served successfully for seven years, while
figure 6 shows the condition of braces in another building
after one year's service. It is the intention of this study to
make more efficient and economical use of materials used in
such storage buildings.
Wood as a building material
Wood has been the universal building material for ages, and
as yet it is the more common material from which farm structures
are built. It has been said (21), "Because it is a product of
life, man has always felt for wood a close kinship.•• Wood com
bines strength and stiffness with lightness, an important factor
in buildings of all descriptions and all the work of life.
Weight for weight, it is stronger than steel, besides it has
many other desirable qualities." "A most fortunate thing about
the use of wood is that it is the one great natural resource
that is potentially inexhaustible... It is entirely probable
that in time to come we shall have to increase our use of wood,
in order to take the place of former exhausted minerals." p.l-8<
Wood comprised seven per cent of the gross bill for mater
ials for all classes of contractors for the year 1929, as
reported by the United States Census (37). This included very
little construction in the field of farm buildings since few
such buildings are constructed under commercial contract*
-10-
Object of the Study
The purpose of this study is set forth in the following
specific objectives:
1. To make an analysis of the structural requirements of
grain storage buildings.
2. To study the use of application of glue and modern
timber connectors in the construction of farm buildings.
3- To improve the construction of grain storage buildings
by using materials more efficiently and economically.
Observations made on grain storage buildings which have
failed indicate that these improvements may be accomplished
through:
a. Improved connections,
b. More secure anchorage of the super-structure to the
foundation and a more effective method of fastening the studs
to the sills.
c. More efficient and economical use of material used for
bracing*
-11-
r
Fig. 1. Temporary storage of post and snow
fence lath.
Fig. 2. Temporary crib built of wire netting
-12-
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Fig. 3. One method of providing more stor
age space*
Fig, 4. Average size grain storage building
with additional storage from snow
fence.
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Fig* 5» A system of braces used in corn cribs
Fig. 6, An i-brace in a corn crib after one year's use.
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HISTORICAL
The Project
Project set up
TMs study is a part of a general project of the Agricul
tural Experiment Station, "The Utilization of Wood in Farm
Structures." The specific objectives of this division of the
project have been stated elsewhere in this manuscript.
Phases of study
The work in this study- has been confined briefly to three
phases:
Field. Observations were made on failures that have occurred
in grain storage buildings which were subjected to natural con
ditions. Further observations have been made on buildings that
were constructed from various designs, with particular attention
being placed upon the bracing methods, size of structure and
roof t3rpe used.
Laboratory, Laboratory study has consisted of the design,
construction, and test of several self-supporting grain bin
partitions models. In the test of the models particular
-15-
attention was placed upon the condition of glued Joints when
placed under stress. As near as was practical vertical loads
which typified those of natural conditions were applied to
the partition models. These were applied in three different
ways (1) as uniformly distributed loads and as concentrated
loads at the (S) third, and (3) quarter points.
Theoretical. Theoretical analysis consisted of calculation,
of pressures exerted by v/heat and ear corn upon the retaining walls
of corn cribs and grain bins. Further calculations were made in
order to determine the percentage of total weight supported by the
floor in corn cribs and grain bins with varying depths.
Review of Literature
garm building investment
Although the American farmers maintain an investment of
§12,949,993,774 (38) in buildings there is very little Interest
manifested in this field by the commercial architect and
engineer. Thus far the work which deals with farm building
research and design has been left to publicly supported institu
tions combined with the support of a few coramercial organizations
which maintain a special interest in the industry of farm
structures.
Research in farm buildings
In his bulletin on "Research in Farm Structures", Henry
-15-
G^iese (9) states:
"Proper construction of buildings necessitates a careful
study of building methods. The requirements as to space and
sanitation, and the conditions of air temperature, relative
humidity, smd rate of air movement must be known before build
ings can be well designed, and in meeting these requirements
materials and labor must be used economically... Development of
standard practices auad simplification of construction methods
would aid materially in securing better buildings. Much of the
data now available for the design of farm buildings are based
on tradition and probably are inaccurate." p. 8.
He further states that the grain storage structure has
probably received the least consideration of any farm struc
ture.
"Buildings are important factors in the conservation of
farm products. G-rains are conditioned ajid preserved by careful
housing. Recent harvesting methods have brought with them new
problems in handling, processing, and eurlng. Market conditions,
lack of adequate transportation facilities, and farm feeding
often make farm storage desirable or necessary. The difference
in grade as between well-stored and poorly stored grain is often
appreciable... Efficient and well-arranged structures help to
reduce the troublesome problem of labor overload at harvest
time." p. 5-6.
T'-r
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Modem timber connectors
In the bulletin "Modern Connectors for Timber Construction"
prepared jointly by the National Conmiittee on Wood Utilization
and Forest Products Laboratory (34), the authors emphasize the
necessity of stronger Joints in wood construction. In their
review of work done by early European investigators, they state:
"Wood construction, however, although of traditional im
portance in Europe, had always been handicapped by the limita
tions of the timber grown in the Continental forests... Thus
the lumber cut mostly from second growth timber, is of small
size and of considerable lower strength than our Douglas Fir and
southern yellow pine. The timber joint, long recognized as
the critical link, in every wood structure, was the logiceJ.
point for improvement." p. 1.
Speaking of timber connectors, these investigators state:
"Obviously the experimental stage has long since been passed.
Through the application of these devices, wood has assumed a
new structural importance... First and foremost, with modern
connectors a larger percentage of the gross cross-sectional area
of a structural-wood member can be developed at the joint than
with former joining methods. Also the various connectors lend
themselves ideally to the use of boards and planks in built up
members to replace heavy solid timbers. Furthermore, by using
these connectors, eccentric joint connections with the resultant
secondary bending stresses are largely eliminated and the
-18-
designer has the assurance that each framing member will func
tion as a true 2-force pleo«. Finally, vdiere a number of bolts
might be used to transmit a load equal to that carried "by these
connectors, the total weight of the connectors will be consider
ably less than that of the bolts.
"These various factors permitted the utilization of lumber
of smaller size and lower mechanical properties than that for
merly considered necessary and immediately widened the wood-
construction field,, •** p. 5-6.
Use of g;lue in farm buildings
George W. Trayer (33) in his book, "Wood in Aircraft Con
struction", speaks very favorably of four commercial glues;
casein, blood albumin, animal and marine, and of these he cites
special advantages of each. Of casein he states, **It is the
best all around glue for aircraft construction. If the average
breaking strength of the joints tested is less than S,800 pounds
per square inch of glued area, the glue should be rejected," p. 104-5.
Reported work on grain pressures
Ketchum (14) in his book, "Walls Bins and Grain Elevators"
draws the following conclusions:
"1, The pressure of grain on bin walls and bottoms follows
a law known as law of semifluids which is entirely different
-19-
from the laws of pressure of fluids.
"2. The lateral pressure of grain on bin walls is less
than the vertical pressure and increases very little after a
depth of 2 1/2 to 3 times the width or diameter of the bin is
reached,
"3, The ratio of lateral to vertical pressures is not a
constant, but varies with different grains and bins. The value
of k can only be determined by experiment,
"4. The pressure of moving grain is very Isightly greater
than the pressure of grain at rest, this variation does not ex
ceed 10 per cent.
"5- The maximum lateral pressures occur immediately after
filling, and are slightly greater in a bin filled slowly.
Maximum lateral pressures occur in deep bins during filling.
**6, The resultant effect of all grain pressure loads comes
at a point approximately 1/3 the decth of fill.** p. 351-52.
In a report, "Lateral Pressures on a Corn Crib**, McClung
and Hall (17), in working with a shallow circular crib built of
slats and using ear com for fill material, found the resultant
effect of pressure loads to come at a point approximately 1/3
the height of the crib. Their results indicate that the maximum
pressures in circular bins are less than those of square or
rectangular bins of the same diameter.
McCalmont and Ashby (16) report the percentage of total
weight supported by crib floors to vary with the depths of the
-20-
crib. The lateral pressures on the retaining walls approximate
a parabolic curve. The vertical pressures increase as the depth
of the crib increases \intil approxiraately 4 diameters of the
crib are reached. Thereafter the greater portion of the total
weight is transferred to the retaining walls.
__ _ t
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TEE INVESTIGATION
Analysis of the Problem
Requirements for service
In order for a grain storage building to render its great
est value to the user, it must be serviceable. There are a
number of characteristics which the structure should have.
Functional. The grain storage building should be designed
so that adequate working space shall always be provided for.
In handling the products to be stored the necessary working
space should always be maintained.
Modem maohinej^r is to be reckoned with in handling and
storing grain. The grain storage building must be constructed
in order to provide the most conveniences in the use of such
machinery.
The braces should be sufficient to resist all stresses
placed in them by external loads. They should be placed so
as not to interfere with the maneuvering of workers or machines.
The grain storage building of today should provide stor
age for ear com as well as small grain. The grain farmers
-22-
in following a four-year crop rotation on the average require
twice as much storage space for ear com as small grain. The
conventional Midwest Plan (1) designed buildings have the
following capacities per linear foot respectively for the
gable, gambrel and Gothic types; ear corn, 165, 166, 152;
small grain, 70, 70, 94, all quantities in bushels. Jo benefit
the greatest number of farmers the grain storage building should
have capacities comparative to these ratios- Furthermore the
building should provide for natural ventilating in order to
preserve ear corn and grain v^lth high moisture content.
Structural. The chief structural requirements of a grain
storage building are strength, rigidity, stability, and dur
ability. The supporting frame must be sufficiently strong and
rigid to carry all probable loads without excessive temporary
or permanent deflections. The rigidness of a grain storage
building is determined largely by the means by which it is put
together. Nails, the universal means of fabricating wood members,
bring into effective use only a small portion of the stinictural
properties of wood.
With regard to stability it is evident that a structure
should be in a stable condition of equilibrium under ordinary
dead loads. The essential condition for equilibrium is for the
resultant effect of all forces to be zero about the critical
points.
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To insure low cost per storage unit a grain storage
"building must be durable. The assembled structure must act
as a unit in resisting all forces applied to it regardless of
v&at source* All members must be designed to take the maximum
stress. The durability of most grain storage buildings is
governed principally by the efficient arrangement of materials
and the effectiveness of the fabricated members.
Economic♦ The economics of any building deals mainly with
the initial cost and the amount of annual depreciation. The
grain storage building design should provide economy of material
and labor in construction. The use of standard sizes and lengths
of lumber is to be given first consideration. Special skilled
workmen and extra labor are to be avoided.
A well-planned, properly constructed building insures per
manency and durability which means small annual depreciation-
The building should be protected by some durable roof material.
These may be wood shingles or other types of roofing but they
should be of good quality. The proper amount of bracing effi
ciently arranged does much toward reducing annual depreciation.
Aesthetic. Since it is hardly probable that a farmstead
would be laid out and the necessary building constructed as a
unit, one could hardly demand that all building be the same
style. The average farmstead is constructed about the farm
-24-
home. From there the harmony may be very much broken; yet,
each imit structure may be very pleasing to the eye. The
gothic type roof for grain storage buildings blends exception
ally well with the gothic type barns, and vAien built as a unit
it presents a pleasing appearance.
Shortcomings of the present type grain storage buildings
Many of the present type grain storage buildings fail to
render the service for which they were constructed. Any build
ing should be capable of rendering valuable service for a period
of five years with a minimum maintenance cost.
Inefficient use of materials. The material now used in
the construction of the conventional grain storage building is
probably poorly fabricated. At the best nails as a means of
fabricating wood members could never bring into effective use
all the structural properties of wood.
In corn crib construction the most common means of fabri
cating the members is by use of common nails. Ties and cross
braces are subjected to both vertical and lateral loads with
nothing but the shearing strength or adhesive power of a few
nails to resist these loads. Once a brace is sheared loose at
one end it then acts as a strut and pushes out on the other
point of attachment.
Studs for all walls are subjected to loads from the lateral
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pressures of the ear com. When simply supported at the ends,
all the lateral pressure must be resisted by the internal re
sistance of the studs- In figure 6a are shown space, shear and
moment diagrams and combined shear and moment diagrams for
lateral pressure load on studs with simple supports* If braces
were installed, the shear and moment diagrams would probably
change materially*
The joint in wood members has long been recognized as the
weakest point of the member. This is true unless the members
are sized and fabricated in such a way as to distribute the
effect of the break. By use of glue plywood has been manufactured
and acclaimed an important structural material. With glue and
modem timber connectors wood has been used more efficiently.
By use of glue in construction as much as 90 per cent of the
structural value of wood has been obtained (35).
The foundation of any building is an essential part of
the structure. In a structure which is subjected to lateral and
vertical loads the foundation is very important. In many com
cribs the foundations have given way and the cribs have sagged
out of line. This condition lends itself remarkably to the
first step in allowing the side walls to be pushed out by corn
pressures.
The grain storage building is a complex structure. The
arrangement of material tends to make it more comple^. The use
of large members where they are not necessary and small ones
-26-
where large meiabers are needed is probably one of the greater
fallacies of the grain storage building. Deep narrow members
have been used as z-braces to resist the vertical loads,
while the lateral load against such a deep member would become
excessive for its resistance parallel to its least dimension.
In the side walls where members are subjected to loads in one
direction only, deep narrow members would be more efficient al
though these members in most cribs are 2x6 inch material.
Pesignlng frame for grain storage building
Roof type. The type of roof one selects for a grain storage
building should be governed by two principal conditions. They
are (1) the type of roof used mostly in the construction of sur
rounding farm buildings and (2) the amount of storage space re
quired for given floor area.
The gable type of roof has been the more popular in the con
struction of farm buildings. This can be attributed to its simple
design and the ease with which it may be erected. In spite of
its simplicity and its well known construction details it has
some more or less undesirable features which the gambrel and
gothic do not have. The storage space of the gable per linear
foot is somewhat less than the gothic. The most outstanding
difficulty is the required purlin supports. In the case of grain
storage building this may not be particularly important.
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Th© gable roof lends itself well to the standard size and
length material with the exception that the rafters are in most
coBEnon cases longer than standard length material. This in
creases the initial cost.
The gambrel type roof stands second to the gable in popu
larity, and, furthermore, it offers many desirable character
istics. It has no required internal supports and has approxi
mately the same storage space per linear foot as the gable.
For grain storage buildings the gambrel permits the use of more
standard length materials for rafters and outside wall studs.
The gambrel type roof offers considerable resistance to wind,
and dead and live loads, and when properly constructed has no
tendency to sag. (2£)
The gothic type roof has become increasingly popular in the
past few years. It presents a pleasing unit construction and
combines strength and rigidity to resist all external loads. (32)
With the gothic roof used in the construction of grain storage
buildings the outside walls are reduced to a minimum height.
Ifith low outside walls the lateral pressures exerted by grain
becomes a minimum, therefore the amount of material necessary to
support the load is reduced. This curved roof closely approaches
the angle of repose for ear com. Therefore, the lateral pres
sure exerted by ear corn on the roof section is a minimum.
The gothic roof type lends itself very desirably to the use
-88-
of standard length and size material* The bent glued laiaiiiated
rafters may be built at the site where they are to be used,
but preferably they should be prefabricated where such facilities
are available. The construction of these rafters is not con
fined to the selection of extra length material, but may be
built of standard length and size material.
Load magnitude, direction and distribution^ Wheat when
placed in grain bins produces vertical pressures upon the grain
bin floor. The values of these pressures for different bins of
various depth and area are given in table 1. These values were
calculated from Jansen's experimental (14) results and by his
formula:
L "wR (1 - e - ku'h
^ —IT
V - L
k
L » Lateral pressure in pound per square foot
V = Vertical pressure in pounds per square foot
W ® Weight of wheat per cubic foot
R = Hydraulic radius
h = depth of grain in feet
u*= constant depending upon the bin material and grain
k = constant depending upon the particular grain "
Wheat produces pressures which act along a line parallel to
that of the angle of repose. It is these pressures that the
studs and braces must be designed to resist. In tables Z, 5 and
-29"
4 are the data for the lateral pressures exerted by wheat upon
the retaining walls of grain hins, dimensions of bin as shown
in the tables.
Ear corn when placed in cribs produces vertical loads
upon the crib floors. The magnitude and distribution of these
loads are dependent upon the width and depth of crib. Table 5
gives data for pressure loads for different cribs with varying
widths. According to McCalmont and Ashby (16) the vertical
pressure load increases until the fill has reached approximately
four times the diameter of the crib. Their report is the basis
for the data for tables 5 and 6. The resultant lateral pressure
from ear corn falls approximately one-third the height of the
fill. The line of action of the resultant pressure is parallel
to the angle of repose for ear corn. The magnitude of lateral
pressures depends upon the depth, width and wall material. In
table 6 are data for lateral pressure loads for different sized
cribs with variable depths.
•Design of structural members. Before any structural member
may be designed properly some of the conditions under which it
must function must be known,. Some of the essential characteris
tics to be knovm are the loads to be supported by the member and
the conditions it must serve in.
7/hen enough of the requirements are known, it becomes a
simple matter to design the member, but the conditions should be
-30-
suoh that it is practical to design members of standard length
material*
One specific objective of any design is to arrange the
plan of the structure so that the most efficient arrangement
of material may be accomplished. Any design which calls for
the use of odd size material is to be avoided.
In the design of any structure consideration must be given
to the method of fabrication- In farm structures and the
greater portion of wood structures nails have been the luaiversal
means of fabricating materials. Nails are common means but their
shearing value is very small when compared to the strength of
wood.
Bolts have become more popular as a means for fabricating
wood members and they are a decided improvement over common
nails, but yet they fall short in the development of the full
strength of wood. Bolts bend between wood members and cause
crushing of the wood fibers near the outside edges of fabricated
members.
The modern timber connector has Increased the structural
value of wood many times since Its use has been established. The
introduction of the modem timber connector established a new
field for wood and brought immediate improvement to the connec
tions of wood members-
G-lue has further increased the use of wood. The joint in
wood connections when composed of several members and properly
glued is no longer the weakest point in the member. Tests have
i»fc-
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siiown that many times wood fibers separate before the glued
surfaces fail.
Consideration for a self-supporting grain bin partition
In any problem which involves the design of a structure
careful consideration must b© given to the requirements of that
structure•
Object of study. The object of these considerations and
studies is first to determine theoretically whether it is feas
ible to construct such a partition. The repeated request from
farmers for a wider driveway for grain storage buildings stimu
lated an interest in the design, construction and test of such
a partition. One was lead to believe that sufficient material
for self-support was used in the conventionally designed parti
tion if arranged efficiently.
From these considerations and investigations an effort was
made to design such a partition. In the design the partition
was to remain as simple and practical as possible in order not
to defeat its purpose. Special effort was made to put to use
all the physical properties of materials used in the construc
tion of the partition. Heretofore the grain bin partition has
served only as a medium for separating two grain bins.
Tests with glue and timber connectors indicated that such
a partition may be made practical when used properly with the
material in the conventional grain bin.
-32-
Analysls of problem. Any unit of construction must be able
to satisfy several requirements. The function of a self-support
ing grain bin would be two-fold: First, it would be required to
support its own weight plus the weight of bin floor area and one
bin load. A grain load becomes very great depending upon the
capacity of the bin.
A self-supporting bin must be so constructed that the
stresses in no places will exceed the allowable. It must be
fabricated in such a way that the combined structure will func
tion as a iinit. In any structure the resisting strength is
determined by its weakest point.
The economics of any structure deal principally with two
things: (1) The initial cost and (2) the annual depreciation.
If the design is simple enough to reduce the amount of skilled
labor to a minlmvim, and the use of special material has been
kept within practical means, the economic demands should have
been met, A permanent type of construction reduces annual de
preciation to a minimum.
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EXPERIMENTAL
Test of Self-supporting Partition
If practical and economical the ideal experiment would con
sist of building and testing a full size partition- For lack
of testing equipment it was necessary to resort to the use of
models.
Building test models
Before actual construction of models could proceed it was
necessary to select some scale to which they were to be built,
A scale of 2 inches equals 1 foot was used in the construction
of all partitions. All materials used in the construction of
the models corresponded to the selected scale.
In the construction of models an attempt was made to select
a typical section of the building proper to use as a test speci
men, Since the typical grain storage building has four grain
bins and two doors opening to the driveway, it was decided to
construct a test section which was a replica of the cross sec
tion of a full size structure, Figures 7 and 8 show details of
construction for all partition models built and tested.
Timber connectors were to have been used in the construe-
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tion of the test specimen, but due to the scale to which the
models were built it was impractical to use timber connectors in
building the models. It was decided to use casein glue combined
with nails instead of timber connectors.
Testing
Under normal conditions a grain storage structure is sub
jected to loads of two types. These are vertical and lateral
loads, but it was deemed impractical to apply lateral loads to
the models. Too, the primary objective of the test was to deter
mine the resistance of the partition to vertical loads.
In order to produce the same relative stress in models as
would occur in full size buildings under natural loading condi
tions, the loads applied on the models must be reduced in propor
tion to the square of the scale of construction. From these
conditions the corresponding load for the models were 1/36 of the
full load.
Since grain loads are uniform loads, the ideal load
to place on a grain storage building model would be a uniform
one. Under these conditions it was decided to use bulk lead
weights for loading material. One test was conducted using
this method of loading, and from the results of this test, which
will be discussed elsewhere in this manuscript, it was considered
advisable to seek other methods of applying loads. The method
chosen was that of concentrated loads at the third points. After
-43-
several teats had "been made using this method the results indi
cated that if concentrated loads were applied at more points
more reliable results could be obtained. The remaining tests
were made using concentrated loads applied at the quarter points.
All partitions tested were built to the same scale. In
each, glue and nails were combined to serve in the same capacity
as timber connectors.
Partition No. la was built of 1 at 8 inch S4S sheathing
boards 12 feet in length. These were nailed to each stud with
three 8d common nails. Studs were 2** i 4**xl0' material and
were placed 1 foot on centers. The Joists were glued and nailed
to the studs 6 inches from the lower end; To this 6 inches one
girder was nailed and glued on each edge of the stud.
To the girders were nailed and glued two angle braces. They ex
tended from the girders at an angle to the outside walls where
they were nailed to the studs. The same cross section model
was used for testing each partition. The braces used in the
testing cross section remained the same for several tests. If
the braces in the cross section failed or were broken, they
were replaced by new ones.
The partition was first ^ested with a uniformly distributed
load. This load consisted of bulk weights which were applied
in varying amounts. Figure 9 shows partition No. la under test,
with Ames dial in place for reading deflection. Weights were
applied to the partition until the bulk of such loads became un-
-44-
desirable. Table 7 gives data for stress strain curve which is
shown in figure 11.
Partition No. 1 is the same partition as la. In the test
of la, 1600 pounds of bulk weights were applied to it without
failure. Then it was decided to change the method of testing
as mentioned before in this manuscript. The method chosen was
that of applying concentrated loads at the third points. Figure
10 shows partition No. 1 with testing machine and Ames dial for
deflection readings assembled ready for testing. With the test
ing equipment in place the machine was balanced before any load
was applied. The deflection gage was set at zero. Loads were
applied in increments of 20 pounds and the deflection at the
center of the partition was recorded after each load increase.
Table 8 gives the data for stress strain curve which is shown
in figure 12. Concentrated loads were applied until ultimate
failure occurred in the studs on the open side as shown in
figure 13. Figure 14 shows failure at the connection of one
angle brace and failure of girders in bending and also shear
failure in one sheathing board.
Partition No. 2 was built similar to No. 1 in every re
spect except 1" I 6" X 12' sheathing boards were used instead
of 1" X 8" boards. When the partition was placed upon the
testing cross section the 20 foot girders were restrained at
the outside ends. This reduced them from simple supported
-45-
Table 7
Data for Stress Strain Curve for Self-Supporting
Grain Bin Partition No* 1
Loads Deflection Loads Deflection Loads Deflection
in in in in in in
lbs. 1/1000 in. lbs. 1/1000 in. lbs. 1/1000 in.
10.34 2 9.00 173 9.00 243
11.00 9 9.00 173 9.00 244
15.68 IE 9.00 175 9.00 245
15.60 19 9.00 177 9.00 246
10.50 20 9.00 179 9.00 247
10.49 25 9.00 180 10.50 249
15.00 28 9.00 181 10.50 249
15.55 32 9.00 182 10.50 253
15.80 33 9.00 184 10.50 255
15.54 38 9.00 165 10.50 256
15.43 45 9.00 187 10.50 257
15.80 51 9.00 189 10.50 258
13.65 52 9.00 191 10.50 260
15.30 55 9.00 192 10.50 262
15.70 58 9:. 00 193 10.50 263
15.90 62 9.00 195 10.50 265
20.90 77 9.00 197 10.50 267
20.33 74 9.00 199 10.50 268
20.70 86 9.00 200 10.50 270
20.90 83 9.00 202 10.50 272
20.40 84 9.00 203 10.50 273
20.26 87 9.00 205 10.50 275
20.92 91 9.00 208 10.50 277
20.42 93 9.00 212 10.50 279
13.92 98 9.00 213 10.50 281
15.15 98 9.00 214 10.50 284
18.71 109 9.00 215 10.50 286
18.40 113 9.00 217 10.50 288
35.80 126 9.00 218 10.50 290
35.30 130 9^00 219 10.50 291
35.00 142 9.00 221 12.50 310
35.00 148 9.00 235 12.25 312
35.00 146 9.00 236 10*50 313
37.80 152 9.00 237 13.25 314
35.00 158 9.00 237 19.50 316
12.71 160 9.00 238 25.00 319
9.00 168 9.00 239 16.00 321
9.00 169 9.00 240 26.50 324
9.00 170 9.00 241 20.00 326
9.00 171 9.00 242 20.00 329
-46-
Fig. 9m Partition No. la under unifrom load test
Fig. 10. Testing mechine, defleotion gage and test section
ready for test.
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Fig. 11« Stress strain curve for partition No, la.
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i
i?lg, 13, Failure as seen from opposite side of partition No. 1
Fig. 14. Failure of glue joint and girders in partition No. 1.
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beaffls to continuous beams over three supports.
The testing equipment was the same as that used in the test
of partition No. 1. The loading was the same with the deflec
tion of the partition being recorded after each load. Table 9
gives data for stress strain curve which is shown in figure 17.
Figure 15 shows some failures as they occurred and at the points
of occurrence. Figure 16 shows clearly the shear failure of wood
fibers before the glued surfaces gave way. The angle braces
failed in bending at the inside stud support. Here again the
glued joint did not fail.
Partition No. 3 was similar to No- 1. The sheathing boards
were 1" x 8** x IS', and they were nailed to the studs with two
common 8d wire nails. In the construction details as shown in
figure 8 additional material was used to form a truss. Two
diagonal members v/ere used on both sides of the partition. With
these diagonals were three sets of vertical members. The verti
cals in each set were two 2" x 6" members. In addition to the
diagonal and vertical members, a 2" x 8" x 12* tie was placed
along the top border of the partition. The connections were all
made with nails and glue with no pressure being applied to the
glued joints except the adhering power of the nails. The braces
in the testing cross section were changed for this test. One
2x8 inch member began at the outside sill and passed at an
angle of 45° across the crib and was connected to the girder 3
feet from the supporting wall. A short brace connected to the
-51-
glrder and placed at the same angle was nailed and glued to the
supporting wall studs.
The testing procedure was the same as that used for parti
tions Nos. 1 and E, The load increments were the same with the
deflection at the center of the partition heing read and re
corded after each load increase. Table 10 gives data for stress
strain curve which is shown in figure 18, Fiugre 19 shows
partition under test with no discernible failures. Figure 20
shows failure as it occurred from the open or stud side of the
partition while figure 21 shows the failures as they occurred
from the sheathed side of the partition. The loads were trans
ferred through the partition to the supporting walls. No addi
tional bearing area was provided at the end studs. Figure 22
shows the plate failure in crushing perpendicular to the grain.
Partition No, 4 was identical to No. 3 with one exception,
and that was the bearing area of the floor joists. This condi
tion typifies more nearly that which would be used with such a
construction. It was intended that each alternate joist be
joined over the girder as was in this case.
The testing cross section was the same as for No. 3. The
equipment was also the same, but the concentrated loads were
applied at the quarter points instead of the third points. Figure
23 shows the partition under test and the method used in apply
ing the concentrated loads at the quarter points. The lower beam
transfer was hinged at the center point to allow free rotation.
Table 11 gives data for the stress strain curve which is shown
in figure 29. Figure 24 shows the partition under test with
-52-
Table 9
Data for Stress Strain Curve for Self-Supporting
Grain Bin Partition No. 2
Loads Deflection Loads :Deflection Loads Deflection
in in in : in in in
lbs. 1/1000 in. lbs. :1/1000 in. lbs. 1/1000 in.
20 2 700 5 199 1380 409
40 6 720 204 1400 417
60 13 740 210 1420 424
80 20 760 216 1440 450
100 27 780 221 1460 459
120 36 800 226 1480 466
140 44 820 231 1500 473
160 50 I 840 235 1520 483
180 56 860 238 1540 491
200 63 880 243 1560 502
220 69 900 247 1580 513
240 75 920 252 1600 525
260 81 940 257 1620 539
280 87 960 261 1640 564
300 93 980 266 1660 582
320 99 1000 272 1680 608
340 105 1020 279 1700 618
360 110 1040 285 1720 628
380 116 1060 291 1740 638
400 121 1080 296 1760 647
420 126 1100 304 1780 654
440 131 1120 311 1800 663
460 136 1140 317 1820 688
480 142 1160 324 1840 703
500 147 1180 336 1860 718
520 154 1200 340 1880 751
540 159 1220 344 1900 744
560 164 1240 350 1920 762
580 169 1260 356 1940 778
600 174 1280 364 1960 798
620 179 1300 373 1980 808
640 184 1320 378 2000 833
660 189 1340 386 2020 883
680 194 1360 402 2040 953
-53-
Fig. 15» Failure of partition in buckling and girders in bending.
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Fig. 16. Brace failure in bending, failure of wood in shear.
-54-
Table 10
Data for Stress Strain Curve for Self-Supporting
Grain. Bin Partition No. 3
Loads Deflection Loads Deflection Loads Deflection
in in in in in in
lbs. 1/1000 in. lbs. 1/1000 in. lbs. 1/1000 in.
20 1.0 820 82.5 1620 138.5
40 3.0 840 83.0 1640 140.0
60 5.0 860 85.0 1660 142.0
80 7.0 880 86.5 1680 143.0
100 10.0 900 68.5 1700 144.5
120 12.5 920 90.0 1720 146.0
140 15.0 940 91.0 1740 147.5
160 17.0 960 92.0 1760 150.0
180 20.0 980 93.5 1780 152.0
200 22.0 1000 95.0 1800 164.0
220 25.0 1020 96.0 1820 165.5
240 27.0 1040 97.5 1840 166.5
260 30.0 1060 99.0 1860 167.5
280 32.0 1080 101.0 1880 168.5
300 35.0 1100 102.5 1900 169.5
320 37.0 1120 104.0 1920 170.5
340 39.0 1140 105.5 1940 172.0
360 41.0 1160 106.5 1960 173.0
380 43.0 1180 108.0 1980 174.5
400 45.0 1200 109.0 2000 176.0
420 47.0 1220 110.5 2020 181.5
440 49.0 1240 112.0 2040 183.0
460 52.0 1260 113.5 2060 185.0
480 54.0 1280 115.0 2080 186.5
500 56.0 1300 116.5 2100 189.0
520 58.0 1320 117.5 2120 190.0
540 60.0 1340 119.0 2140 191.5
560 62.0 1360 120.5 2160 193.0
580 64.0 1380 121.5 2180 194.5
600 66.0 1400 123.0 2200 196.0
620 67.5 1420 125.0 2220 198.5
640 68.5 1440 126.5 2240 201.0
660 70.0 1460 128.0 2260 202.5
680 71.5 1480 129.0 2280 205.5
700 73.0 1500 130.5 2300 205.0
720 75.0 1520 132.0 2320 215.0
740 76.5 1540 133.5 2340 217.0
760 78.0 1560 135.0 2360 219.0
780 79.5 1580 136.0 2380 220.2
800 81.0 1600 137.0 2400 220.2
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failure oocuring in the connections at the outside sill- The
supporting studs failed with column action as shown in figure
25. The plate over the supporting wall failed in bearing as
shown in figure S6.
Partition No. 5 was constructed as shown in figure 8, The
sheathing was 1" r 8 " S4S material placed diagonally. The studs
were glued and nailed to the joist and to the girders. The
angle braces were fastened as in No. 4 set up. A change from
the detail was made in the partition construction. A 2" i C**
X 12' tie glued and nailed to the top of the studs was added.
The testing equipment and procedure were the same as those
used in the testing of No. 4 partition. Figure 27 shows the
loading machine, deflection gage, and testing model set up ready
for loading. Table 12 gives data for stress curve which is shown
in figure 30. Figure 26 shows the partition under load. The
connections between studs and sills have failed as well as the
supporting column as shown in figures 31 and 32. Figure 31
shows the failure as it occurred in the cribbing to the side
where the foundation first failed. Figure 32 shows the failure
of the plates in crushing and the failure of the supporting
column. Here the angle brace was nailed only with no glue being
used and as shown the connection has failed.
Discussion of results
The results of the test on the self-supporting partitions
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Fig. 23. Uethod of loading at the quarter points.
Fig. 24. Foundation failure in test section.
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tm i
Jig* 85, In test of partition No. 4 tending of supporting
oolumn.
Fig. 26. Failure of plate in bearings
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Fig. 27, View of testing equipment and partition No. 5
ready for test.
J
Fig. 28. Partition No. 5 under test*
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Table IB
Data for Stress Strain Curve for Self-Supporting
Grain Bin Partition No. 5
Loads Deflection Loads Deflection Loads Deflection
in in in in in in
lbs. 1/1000 in. lbs. 1/1000 in. lbs. 1/1000 in.
20 4 920 165 1800 341
40 7 940 168 1820 346
60 11 960 172 1840 350
80 14 980 174 1860 350
100 18 1000 178 1880 359
120 22 1020 182 1900 364
140 27 1040 185 1920 368
160 31 1060 188 1940 373
180 34 1080 192 1960 378
200 39 1100 195 1980 383
220 43 1120 198 2000 395
240 46 1140 202 2020 406
260 50 1160 205 2040 410
280 54 1180 209 2060 414
300 58 1200 212 2080 418
320 63 1220 216 2100 425
340 67 1240 220 2120 431
360 71 1260 225 2140 439
380 75 1280 228 2160 445
400 79 1300 230 2180 455
420 83 1320 233 2200 459
440 88 1340 i 236 2220 464
460 90 1360 240 2240 469
480 93 1380 243 2260 475
500 96 1400 247 2280 481
520 99 1420 251 2300 488
540 102 1440 255 2320 496
560 105 1460 260 2340 505
580 108 1480 264 2360 511
600 111 1500 269 2380 518
620 114 1520 273 2400 526
640 118 1540 278 2420 533
660 121 1560 282 2440 540
680 125 1580 286 2460 540
700 128 1600 290 2480 555
720 131 1620 295 2500 563
740 134 1640 300 2520 574
760 138 1660 305 2540 583
780 141 1680 309 2560 592
800 144 1700 314 2580 600
820 147 1720 319 2600 611
840 151 1740 326 2620 626
860 154 1760 330 2640 630
880 158 1780 336
900 161
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Fig. 29. Stress strein curve for partition No* 4.
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Fig. 31. Connection failure at sill for partition No. 5«
Fig. 32. Column failure in teat of partition No.
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are shown in the stress strain curves of figures 11, IE, 17, 18,
29 and 30. Partition No. la was first placed under a uniform
load test, but was not tested to failure in any place. As shown
by the stress strain curve in figure 11, the ultimate strength
of the partition was never reached. However, one was led to
believe that the bulk weights produced a bridging effect which
would not allow the full effect of the load to act \miformly
over the partition. From these Indicated effects, it was decided
to use concentrated loads at the third points.
The same partition as No. la was placed under test with con
centrated loads at the third points. The stress strain curve
of figure IS shows that the ultimate breaking strength was reached
at an approximate load of 1200 pounds. In this test the contin
uous girders were not restrained at the ends to the outside walls,
but were allowed to rotate through an angle equal to the deflec
tion of the partition at the center of the span. The partition
buckled very badly, but no glue or nailed joints failed. The
ultimate failure which was a result of bending and tension occurred
in the studs.
Partition No. 2 was tested with concentrated loads at the
third points. The continuous girders were restrained at the out
side walls for this test. As in the test of partition No. 1, the
partition buckled at the center. Failure from bending occurred
in the sheathing boards. The girders failed in bending over the
-67-
inside supporting walls and at the center. The angle braces
failed in bending at their junction with the supporting studs.
The girders failed in horizontal shear at the end near the
supporting wall. The shear did not occur in the glue joint
but in the wood fibers.
Partition No. 3 was tested under concentrated loads
applied at the third points. The stress strain curve of figure
18 shows the ultimate strength was reached with a load of ap
proximately 1800 pounds. The failure did not occur in the
partition but in the testing cross section at the sill and in
the columns directly beneath the partition. The plate under
the end studs failed in bearing. The floor joist directly be
neath the loading points failed in bearing approximately at the
same time as the angle braces, foundation, and plates failed.
Partition No. 4 was tested under concentrated loads applied
at the quarter points. With the change in the partition as ex
plained in Partitions Tested, the ultimate breaking load was
approximately 2000 poiinds. Failures did not occur in bearing
of the joist, but the plates failed in bearing as in No. 3.
The supporting columns and foundations failed as they did
in the test of partition No. 3.
Partition No. 5 was tested under the same procedure as No.
4. Load applications were the same. The first apparent failure
occurred in one of the 2x4 inch studs near one side. The
-68-
failure was in tension and bending. The studs to one side of
the center bent rather badly, but failure occurred in one ohly.
The supporting column failed. So did the E x 6 inch end studs
of the partition. The angle brace on one side failed at the
connection with the supporting studs but nails were the only
means by which it was fastened. The angle braces acting as
struts pushed out the sill and foundations. The connections
between the studs and sills failed and the, cribbing was torn
apart as shown in figure 31.
Conclusions
Since the material used in the construction of the models
was practically the same, the data as given in tables 7, 8, 9,
10, 11 and 12 for stress strain curve will be the basis for
strength and rigidity determinations.
From observations on models during the tests the following
conclusions were made:
1. It is practical to design the build a self-supporting
partition,
S. If the material for grain bin partitions is properly
fabricated, It will have sufficient strength and rigidity for
maximum loads.
3, Double plates should be used in the partition in order
to prevent partition from buckling.
4. Joints made with glue and nails had a greater resisting
strength in most instances than the members.
-•69"
5. The superiority of glue and nails used together was
clearly defined in the tests,
6. With a self-supporting partition the concentration of
the load caused the supporting studs to be subjected to exces
sive column action.
7. Greater bearing area for the partition end studs must
be provided for.
8. Improved methods for connecting studs to sills on the
outside walls are necessary.
Observation of a Storage Building on Agricultural
Engineering Farm
Introduction
A grain storage project was organized through the coopera
tion of the United States Department of Agriculture and the Iowa
Agricultural Experiment Station. The work proper began in the
fall of 1937, with Iowa State College selected as the site at
Trtiich the work was to be conducted. The first requirement to
be met before such work could be initiated was the construction
of a storage building.
Design of the building
Before adequate plans for any building can be drawn it is
necessary to have a clear conception of the functional and
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structural requirements the "building must satisfy. For a grain
storage building these reguirements are not well known and
therefore much of the design work is based on traditions and
opinions. The design for the storage building used in this
project was based upon suggestions and opinions. In figure 53
is a cross section which shows the bracing arrangements,
ties, and grain bin partition, a general floor plan and the
plan arrangements for over-head bins as well as a side and end
elevation of the finished building.
Construction of the building
The building was constructed during the summer of 1937
being completed in time for the 1937 harvest. The building
proper was constructed as shown in figure 33 with only a slight
variation from the design. That variation was the installation
of x-braces in each of the longer com cribs. The x-braces in
the longer corn cribs were then 4 feet on center instead of 8
feet as shown in figure 33.
The building v/as constructed of liimber reclaimed from a
former construction with the exception of the outside beveled
cribbing which was new. Most of the reclaimed lumber would
have graded number 2 and 3 stock when originally distributed
from the mill. Probably some of the lumber which was used as
x-braces would not have been used had careful consideration
-71-
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Fig. 33, Elevations and details of grain storage "building.
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been given to its condition, but for present economy which is
typical of many farm conditions this poor quality lumber was used.
Observations made on building
Repeated observations were made of the building during the
duration of this test and study. The structure was not completed
in time to have the bins for small grain filled, although some
small grain was placed in one of the end bins. The corn cribs
began to be filled the latter part of September and were full by
October 15. The filling of the cribs was accomplished by an
inside elevator, which raised the ear corn to a height of approxi
mately 25 feet where it was dumped into spouts through which it
moved by gravity to various points in the crib. From these it
fell to the floor which was approximately 20 feet below.
A short time after the cribs were filled the outside wall
on the south crib near the midpoint of the long crib showed some
distortion. About this point in the v/all was an x-brace. It
was at this brace that the greatest bending occurred. In time
several other points along the outside wall showed some bending
in the studs. The bending continued to increase in the south
wall until it was deemed logical to put in some means of resist
ing the existing pressures. About February 15, a one-inch steel
tension rod was placed through the crib and through a 4 x 6 inch
piece 6 feet in length on the outside of the walls.
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Condltion of "building after one year's service
The corn was removed from all cribs during the first half
of June and the conditions of the i-brace and ties were noted.
The corn was removed from the crib by scoops and forks. There
fore, none of the failures which occurred in braces as shown in
figure 34 and 35 can be attributed to the sliding effect of corn
on emptying.
The outside wall of the north crib did not bend as badly as
the south wall. However, the wall was moved out of line at several
places as shown in figure 36, The x-braces and ties in the north
orib were not broken as badly as those shown in figures 34 and 35
but some of the 2 x 10 inch ties were broken as shown in figure
37. All x-braces in each crib were broken so badly that it was
deemed advisable to replace each with new ones.
Installation of new braces
The old x-braces and broken ties were removed and after some
consideration it was decided to use several combinations of brac
ing methods. In the south crib three types of braces were used
in installing five different braces. In figure 38 is shown the
lower portion of one system of braces. These consisted of two
3 X 10 inch studs replacing the two which were badly bent. At
the top and bottom a 2 x 10 inch tie was nailed securely to the
studs on each side of the crib. In figure 39 is shown another
-74-
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Flg» 34, Failure of tie in com crib.
\.
Fig, 35. Condition of i-brace after one yearns use.
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m
Fig. 36. Bend in wall from grain pressure loads
Fig. 37, Tie failure after one year's use*
T J
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Pig. 38. View of lower portion of deep studs with ties,
fi
Fig. 39. New x-braoes of 3- 2 x 12 material.
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type of brace which, consists of three 2 z 12 inch pieces, tvro
of which make up an x-brace and are nailed securely to the studs
and joist under the grain bins. The other piece is placed as a
horizontal tie which intersects the x-braces at their junction
and is bolted to the x-brace with two 3/8 x 6-inch machine bolts.
The other type of brace consists of six 1 x 12 inch pieces nailed
and bolted as shovm in figure 40. This view shows the end to the
outside while figure 41 shows the end to the inside vmll. Where
the ties are double, six 1/4 x 5-inch bolts are used while six
teen 8d nails are used in fastening all single members to the
studs and where only two members cross as tie and one angle brace.
Summary
From observations made on the building when placed under
natural conditions the materials used for the braces were in
adequate for both lateral and vertical loads. The braces failed
at the connections in some instances, and in shear between con
nections in other cases. The failure in the 2 x 10 inch ties
could be attributed directly to knots or some noticeable defects.
Action of the studs indicated that once the x-braces were sheared
at the connections or broken in bending they then act as struts
and tend to push the wall out at the point where it is attached.
Wide thin material seems to offer obstruction to lateral
movement of corn without having sufficient internal resistance,
-78-
Fig. 40. End to outside walls of 1 x 12 inch i-"braces and ties.
Fig. 41. End to inside wall of 1 z 12 inch z-brace and ties.
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but does have quite a resistance to vertical thrust. The remedy
for this seems to be the use of a combination of materials
which would combine strength yet out down the lateral obstruc
tion to lateral movement of com.
-80-
SUMMARY AM) CONCLXTSIONS
The results of this study warrant the following;
1. It is practical to design and build a self-supporting
partition.
2. If the material for grain bin partition is properly-
fabricated with glue and timber connectors, it will have suffi
cient strength and rigidity for maxiinum loads.
3. Double plates are necessary in order to prevent parti
tion from buckling-
4. Joints made with glue and nails had a greater resisting
strength in most instances than the members.
5. The superiority of glue and nails used together was
clearly defined in the tests.
6. Studs directly below partition are subjected to severe
column action.
7. Greater bearing area for the partition end studs must be
provided for.
8. More efficient means for connecting studs to sides on the
outside walls are necessary.
9. Partition No. 4 gave the greatest value for ultimate
breaking strength.
! i-'
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Reaults of observational studies on grain storage building
under practical conditions indicate the following:
1. Material for z-braces and cross braces in cribs should
be free of objectional knots and defects,
S, X-braces of 1 x 12 inch material have too great obstruc
tion to lateral movement of ear corn for its internal resistance
parallel to its narrowest dimension.
3. Low outside walls, as used with the gothic roof design,
have the greatest resistance to lateral pressure loads.
4. The lateral pressures on the curved area of the gothic
roof are a minimum,
5. When x-braces fail they act as struts and concentrate
the effect of the load to the point of uniform grain load con
centration,
6. The use of material with more depth for studs in out
side walls is more efficient.
7. Wood joist fastened to studs in each wall is an effi
cient means of restraining studs at the sill line.
8. Studs when used as specified in table 6 did not show
any distortion after one year's service.
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